The SHRP 2 Naturalistic Driving Study (NDS) data were used to evaluate the gap acceptance 11 behavior of drivers at left-turn lanes with offsets ranging from -29 ft to 6 ft. The study included 12 3,350 gaps evaluated (accepted or rejected) by 145 NDS drivers and 275 non-NDS drivers 13 (whose turns were visible from the in-vehicle camera of an NDS driver) at 14 two-way stop-14 controlled intersections and 44 signalized opposing left-turn pairs. Logistic regression was used 15 to model the critical gap length for drivers as a function of offset, under conditions when their 16 view was either blocked by an opposing left-turning driver or not. The analysis found that the 17 critical gap was longer for negative offsets than for zero or positive offsets, and also longer when 18 sight distance was blocked by an opposing left-turning driver than when it was not. These longer 19 gap lengths can result in decreased operational efficiency of an intersection. Sight distance was 20 much more likely to be restricted by an opposing left-turning driver at negative-offset 21 intersections than at zero-or positive-offset intersections, and drivers at negative-offset 22 intersections were less likely to accept a gap when an opposing left-turn driver was present. An 23 analysis of the shortest post-encroachment times showed that while drivers making left-turns at 24 negative-offset left-turn lanes wait to accept longer gaps, they are, on average, also more likely 25 to leave the shortest amount of time between their turn and the arrival of the next opposing 26 through vehicle, which may present a potential safety concern. 27 28 3 Hutton et al. 
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29
Objective 30
The objective of this research was to evaluate the safety effect of left-turn lane offset on gap-31 acceptance behavior using in-vehicle video data from the Naturalistic Driving Study (NDS) 32 recently collected by the Strategic Highway Research Program 2 (SHRP 2). The video data were 33 used to measure the time length of accepted and rejected gaps by study drivers (NDS) and non-34 study drivers (non NDS) visible in the video making left turns through intersections with varying 35 left-turn offsets. The video data were also used to collect several other variables related to left-36 turn behavior. 37 38
The specific research questions addressed were: Figure 3 illustrates the procedure used to select intersections for inclusion in the study. The 133 figure shows six action steps, each describing a data request or filter. The figure also shows the 134 number of signalized and stop-controlled intersections remaining in the database after each step. Three video analysts from the research team reviewed and recorded data for over 1,000 videos of 164 turns made by NDS drivers. The variables recorded from the videos included some that were 165 specific to the turning event and had only one value for the entire video, such as the NDS vehicle 166 arrived in the queue, the number of vehicles in the queue, the time the signal turned green, and 167 the time that the intersection could no longer be seen in the rear video. The event-level variables 168
were those recorded for every gap that was visible in the video, whether rejected or accepted, by 169 either an NDS study driver, or a non-NDS vehicle whose behavior could be observed from the 170 study vehicle. Either model then allows for estimating a number of gap lengths of interest, in particular, the gap 279 length corresponding to a probability of 0.5, i.e., the critical gap length, t 50 . 280 281
The overall offset effect is estimated by the significance level associated with the offset factor in 282 the model, in other words, the significance of the coefficients β i associated with the indicator 283 variable I i . From the logit regression models, the critical gaps, t 50 , and their 95−percent 284 confidence intervals are estimated at each level of offset. These confidence intervals are then 285 compared in a pairwise fashion to assess which offset category differs statistically from which 286 other offset category with respect to critical gap. This final comparison is performed using a 287 visual hypothesis testing method modified to take into account sample sizes and variability of the 288 data modeled in each group (Smith, 1997  Offset is significant at the 10-percent level (p-value = 0.09) 299  The slopes of the 7 regression curves are not parallel 300 301 Figure 6 shows the predicted probability that a gap is accepted for each offset category as a 302 function of gap length. 303 304 305
Figure 6. Predicted Probability of Accepting a Gap as a Function of Gap Length and Offset 306
Category for Signalized Intersections 307 308
Based on 1,126 events (207 accepted and 919 rejected gaps), the following results were obtained 309 for two-way stop-controlled intersections: 310  The interaction term between gap length and offset category was not significant at the 311 10-percent level thus a parallel lines logit model was assumed 312  Offset is not significant (p-value = 0.94) 313
The results for both signalized and two-way stop-controlled intersections, along with the number 314 of accepted and rejected gaps in each offset category, are shown in Table 3 . 315 316 
318
From each model, the critical gap length, t 50 , and its 95-confidence interval were estimated, 319 separately for each offset category. The critical gap estimates were then compared between pairs 320 of offset categories at signalized intersections only. The following pairs of offset categories are 321 statistically significantly different with respect to t 50 : 322 323  -16 ft or less (7.5 sec) from 1 ft to 3 ft (5.0 sec) and from 4 ft to 6 ft (4.7 sec) 324  -10 ft to -6 ft (6.5 sec) from 1 ft to 3 ft (5.0 sec) 325  -5 ft to -1 ft (7.0 sec) from 1 ft to 3 ft (5.0 sec) and from 4 ft to 6 ft (4.7 sec) 326  0 ft (6.2 sec) from 1 ft to 3 ft (5.0 sec) 327 328
The analysis of critical gap by offset category for signalized intersections shows that, in general, 329 the critical gap is longest for intersections with negative offset left-turn lanes and shortest for 330 those with positive offset left-turn lanes. This is to be expected given that the intersection 331 geometry of a left-turn lane with negative offset requires the turning vehicle to travel farther 332 during the turning maneuver to clear the intersection. Positive offset left-turn lanes bring the 333 turning vehicle closer to the opposing through lanes of traffic and, therefore, shorten the travel 334 distance (and time) required to clear the intersection. In addition, it should be noted that the 335 provision of positive offset reduces or eliminates the potential for opposing left-turn vehicles to 336 block their respective driver's view of opposing through vehicles, which allows drivers to more 337 comfortably accept shorter gaps. 338 339
Since offset was not statistically significant for stop-controlled intersections, the critical gap 340 estimates were not compared between pairs of offset categories. The number of observations 341 available for two-way stop-controlled intersections was substantially lower than that for 342 signalized intersections. In general, all offset categories showed similar critical gaps at two-way 343 stop-controlled intersections. Larger sample sizes would be needed to better distinguish the gap 344 acceptance behavior between offset categories at two-way stop-controlled intersections. 345 346
Effect of Sight Obstruction on Critical Gap Length 347
The effect of sight obstruction on the probability of gap acceptance at signalized intersections 348 (all seven offset categories combined) and at two-way stop-controlled intersections (all four 349 offset categories combined) was estimated as a function of gap length. The critical gap length, t 50 , and its 95-confidence interval were estimated, separately for sight 367 obstruction (present/absent) and intersection type. The results, along with the number of accepted 368 and rejected gaps for each combination, are shown in Table 4 . Although sight obstruction has an 369 overall significant effect on the probability of gap acceptance over the range of available gaps in 370 the study, the comparisons of the critical gaps between sight obstruction and no sight obstruction 371 are inconclusive (i.e., there is not enough evidence to prove statistical significance of the 372 difference between the two estimates.) This might seem contradictory at first but it should be 373 noted that the logistic regression predicts probability of acceptance (Y-axis) as a function of gap 374 length (X-axis). When comparing critical gaps, one uses inverse regression. Estimates and their 375 confidence limits corresponding to a 0.5 probability (Y-axis) are computed on the gap length 376 axis (X-axis). The steeper the curves, the more difficult it becomes to prove statistically 377 significant differences on the X-axis by reverse regression. 378 379 The analyses presented thus far show that, on average, drivers wait to accept longer gaps where 392 left-turn lanes are negatively offset, and when their view of opposing vehicles is obstructed. 393
However, it is possible that the shortest accepted gaps are also taken in these conditions. That is, 394 while many drivers wait for longer gaps when they don't have a good view of the available gaps, 395 a few drivers may accept gaps that are shorter than they would have otherwise chosen because 396 they could not see how short the gap was. The research team investigated this possibility in two 397 ways: 398 399
1. For each of the six combinations of offset (negative, zero, and positive) and sight 400 obstruction (present/absent), the 1st, 5th-, 10th-, and 15th-percentile accepted gap lengths 401 were estimated for comparison 402 2. The percentage of accepted gaps with a post-encroachment time less than 4, 3, 2, or 1 sec 403
were calculated for each of the six offset and sight obstruction combinations 404 405 Table 5 shows that the 1st-, 10th-, and 15th-percentile accepted gaps were shorter at negative-406 offset left-turn lanes than at zero-or positive-offset left-turn lanes at both signalized and stop-407 controlled intersections. It also shows that a higher percentage of accepted gaps had post-408 encroachment times less than 2, 3, and 4 seconds at signalized intersections with negative offsets 409 than at zero or positive offsets. These findings suggest that while the 50th percentile accepted 410 gap length is generally longer at negative-offset left-turn lanes than at zero-or positive-offset 411 left-turn lanes, there is also a higher likelihood that drivers will accept shorter gaps at negative-412 offset intersections. It appears that while on average, drivers at negative-offset left-turn lanes are 413 more cautious and wait for longer gaps than drivers at other intersections, they are also more 414 likely to leave a very short amount of clearance time between their turn and the arrival of the 415 next opposing through vehicle than drivers at other intersections. Two possible explanations for 416 this are that 1) some drivers take short, risky gaps when their view is obstructed because they 417 cannot properly assess the risk, and 2) that drivers may hesitate before initiating a left turn when 418 their view is obstructed, resulting in less time between the turn and the arrival of the next 419 opposing through vehicle. 420 421 
